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Methods have been optimized for the isolation, growth 
and passage of differentiating human epidermal cells in 
dispersed cell culture. Human neonatal foreskin epider-
mis was separated from dermis after floating the skin on 
trypsin. Keratinocytes were isolated by dissociation of 
epidermal sheets in calcium, magnesium-free phosphate 
buffered saline. Under culture conditions established for 
mouse keratinocytes, human epidermal cells retained 
epithelial morphology for 1-2 mo and could be subcul-
tured 2-3 times. Cells exposed to modified culture con-
ditions were tested for growth at low cell density and 
ability to be repeatedly subcultured while maintaining 
normal epithelial morphology. Optimal conditions were 
determined by counting the number of colonies formed 
1-3 weeks after plating 0.2-1 X 104 cells/cm2 and by 
measuring the maximum number of passages attainable 
with cultures plated at 105 cells/cm2• Compared to tissue 
culture plastic, a substrate of collagen (prepared by acid 
extraction of rat tail tendons) increased colony forma-
tion 2-4 fold. Lowering the culture temperature from 37° 
to 34° or arc reduced colony number to 50% and 10% 
respectively. Serum concentrations of 10-20% yielded 2-
4 fold more colonies than lower or higher levels. Seven 
commercial or especially formulated media did not en-
hance either growth parameter. Both colony formation 
and number of passages were increased at pH 7.0-7.2 
compared to lower or higher pH. Medium ionic calcium 
concentrations of 0.3-0.4 mM doubled the number of col-
onies and passages compared to higher or lower levels. 
These improvements in culture conditions enhance the 
suitability of human k eratinocyte cultures for a number 
of biological studies. 
T he human epidermis, because of its availability and well 
characterized pattern of gl'Owth and differentiation, is particu-
larly suitable for adaptation to cell culture to facilitate a variety 
of experimental studies. Several laboratories have repor ted 
techniques for in vitro cultivation of human keratinocytes 
either as explant outgrowths [1 ,2] or as dispersed cells [3,4]. 
Recently the clonal growth of keratinocytes on irradiated 3T 3 
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fibroblasts has provided considerable insight into the factors 
which regulate g1·owth and terminal differentiation in this tissue 
[5]. However, the presence of living cells from another species 
(the feeder layer) and human dermal fibroblasts (present in the 
initial cell suspension) make this model somewhat complicated 
for certain pharmacological and biological experiments, such as 
in vitro carcinogenesis. 
This laboratory has established culture conditions appropri-
ate for studies of proliferation, differentiation and carcinogen-
esis in mouse epidermal cells [6-11]. Desirable conditions 
should allow independent gJ·owth of the target cell, multiple 
subcultures, maintenance of differentiative function and char-
acteristic responsiveness tu pharmacologic agents. 
Ultimately information derived from experimental models in 
lower species must be extrapolated to normal and disease 
related events in human tissues. Thus, we felt it was important 
to pursue the development of a human epidermal cell culture 
model which could be optimized for pharmacological studies, in 
particular those related to chemical carcinogenesis. This report 
describes culture conditions which allow isolated human epi-
dermal cells from neonatal foreskin to grow in vitro for 2-3 mo 
and to be subcultured 6-9 times. Such cells display character-
istic morphology and maintain normal epidermal functions 
throughout this culture period. 
MATERIALS AND METHODS 
Growth M edia and Chemicals 
Reagents and their sources were as follows: Medium 199 (Ml99) 
wi th or withou t CaCb from the NIH Media Unit, Bethesda , MD; fetal 
bovine serum (FBS, Rehatuin) from Reheis Chemical Co. , Kankakee, 
IL; antibiotic-antimycotic solu tion (PSF) , insulin , a nd other commercial 
media from GIBCO, Grand Island, NY; 2.5% trypsin (1:250) and Versene 
(EDTA, 0.2 mg/ml) ar e both from Microbiological Associa tes, Be-
thesda, MD; Chelex 100 (200-400 mesh, sodium form) from Bio-R ad 
Laboratories, R ichmond, CA; methyl-''1-I thymidine CH-TdR) (6.7 Ci/ 
mMole) from New England Nuclear , Boston, MA; Nytex 156 monoftl-
ament nylon fro m Naz-Dar, Long Island City, NY; collagenase, 160 
units/mg fro m Worthington, Freehold, NJ ; neutral protease (Dispase) 
from Boehr inger, Ind ianapolis, IN; cis-L-hyd.roxypro line and L-cysteine 
from Ajinomoto, Tokyo, J apan; epidermal growth facto r from Collab-
ora tive Reseru·ch, Waltham , MA; L-ascorbic ac id fro m ICN P hru·ma-
ceut icals, Cleveland, OH; L-arginine from Schwartz-Mann, Orangebw·g, 
NY; gen tamycin from Schering, Kenilworth, NJ ; pu tresc ine fro m Cal-
biochem, La Jo lla, CA; hydrocort isone sodium succinate from the 
Upjohn Company, Kalamazoo, MI. 
Preparation of Prirnwy Cell S uspensions 
Human neonatal foreskins were stored up to a week at 4°C in M 199 
with 1% PSF before isolation of epide rmal cells. The method of Yuspa 
and Hru-ris [6] was adapted for the prepru·ation of epidermal cell 
suspensions. Foreskins were spread dermis-up on a sterile surface and 
the mucosal and muscular layers were removed with scissors. A piece 
of sterile filter paper was pressed onto the dermis. The paper and 
adhering skin were inver ted (epidermis-up) a nd fl oated on a solu tion of 
0.25% trypsin in calcium, magnesium free Hanks' balanced salt solu tion 
(CMFHBSS) at 4°C. Once wetted, the ftl ter paper submerged leaving 
the skin floating upon the t rypsin solu tion. After 18-24 hr, the skins 
were placed on a sterile sw-face dermis-up, and the dermis was gent ly 
lifted fro m the epidermis. E pidermis was pooled, minced and stirred at 
room temperature in calcium, magnesium-free phospha te buffered sa-
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line (CMFPBS) to dissociate the epidermal sheets. At the end of 30 
minutes FBS was added to a final concentration of 10%, and the 
suspension was filtered through Nytex 156 to remove stratum corneum 
and laTge clumps of cells. The filtered suspension, which consisted of 
mostly single cells and some small clumps, was centrifuged 5 min at 250 
X g and the pelleted cells resuspended in culture medium, counted 
(cells in clumps were counted as individual cells) and diluted to the 
appropriate plating density. The method of Sherer, Fitzharris, and 
LeRoy [12] was adapted to obtain primary suspensions of dermal 
fibroblasts. The dermis was minced and stirred at 37°C for 2 hr in 
collagenase (4 mg/ ntl) and neutral protease (1 mg/ ml) in Hanks' 
balanced salt solution, filtered through Nytex, centrifuged and resus-
pended in medium for plating. 
Cell Culture and Passaging 
Plates were routinely incubated at 36.5°C in a humidified atmosphere 
of 5% C02 in air. After l day all newly plated and passaged cultures 
were washed with Dulbecco's phosphate buffered saline (PBS) to 
remove debris and nonadherent cells, and fed fresh medium. Thereafter, 
medium was routinely changed every 3-4 days. At confluency, cultures 
were subcultUJ·ed by a 10-min exposuJ·e at 37°C to 0.1% trypsin diluted 
in 0.02% EDTA. Cell suspensions were stabilized by adding an equal 
volume of complete medium, centrifuged, resuspended in medium and 
plated after a dilution of 1:3. 
Collagen Coated Dishes 
Acid extractable collagen was prepaTed from rat tail tendons accord-
ing to the method of Price [13], which yields a sterile collagen suspen-
sion of 3 mg/ ml dTy weight in 1/ 1000 acetic acid. Aliquots of 25 f.Ll 
collagen suspension were spread onto 35-mm tissue culture dishes 
together with 5 f.Ll of 6% NaCl and incubated for l hT in a humidified 
atmosphere during which time the collagen adsorbed to the plastic 
surlace. The plates were then washed with sterile deionized water and 
stored up to a week under PBS. No further sterilization or exposme to 
ammonia vapors was required. 
Co lony Assay for the Determination of Epidermal Cell Growth 
Epidermal cells were plated at densities between 2 x 10''-l X 105 per 
35-mm dish (approximately 10 cm2 ) and changed to experimental 
conditions l day later. After 1-3 weeks the cu ltmes were fixed in 
methanol and stained with Giemsa. The entire dish was examined 
under a dissecting microscope and colonies of 5 or more contiguous 
epithelial cells were counted. Many single cells attached but did not 
grow under the conditions tested. These were not included in the 
colony count. 
Autoradiographic Determination of DNA Synthesis 
Primary epidermal cells were plated on collagen-coated glass cover-
slips and pulsed at intervals with 3H-TdR (1 jtCi/ntl) for 1 hr. Slide 
mounted coverslips were prepared for autoradiography as previously 
described [14]. The labeling index was determined by counting 1000 
nuclei per slide. Nuclei with 5 or more grains above background were 
considered positive. 
Detergent-Reducing Agent Insolubility Assay for Cornified Envelope 
Formation 
The method reported by Sun and Green [15] was used to determine 
the presence of cornified envelopes in epidermal cell cultures. Cells 
were trypsinized and counted as for subculture, centrifuged, and resus-
pended in 1% SDS-1% 2-mercaptoethanol for 10 min at room temper-
atuTe. After centrifugation pellets were resuspended in a small volume 
of PBS and intact cell ghosts were counted in a hemacytometer using 
phase optics. 
RESULTS 
Primwy Cell Preparation and Growth Under Standard 
·Conditions 
Human neonatal foreskins floated overnight on cold trypsin 
were separated at the dermal-epidermal junction, yielding epi-
dermis free of dermis (Fig lA). The dermis (Fig lB), composed 
largely of s tromal and vascular elements and a few glandular 
epithelial remnants, could be dissociated by collagenase and ' 
protease to yield viable human fibroblasts. The epidermis was 
minced to yield a suspension composed of large clumps of cells 
(Fig lC) . Following room temperature stirring in CMFPBS, a 
suspension composed primarily of single cells and some small 
cell clusters was obtained (Fig lD). Approximately 2-4 X 106 
epidermal cells were obtained from each foreskin; cell viability 
as determined by trypan blue exclusion was 80- 90%. In most 
cases, under standard culture conditions (Ml99, PSF, 10% FBS, 
plastic substrate, 2-10 X 103 /cm2 cell input) colony number 
(>5 cells) was approximately 0.1 %. Of the viable cells plated at 
cell density of 105/cm 2, approximately 50% attached to the 
substrate during the first 24 hr. Plating efficiency and colony 
formation varied among cell preparations perhaps reflecting 
cell damage or the state of the foreskins at the time of cell 
isolation. These variations required that comparisons be made 
within the same cell preparation. At higher input for long-term 
growth, keratinocytes could be passaged 3-4 times. To avoid 
differences in colony formation due to variations in cell attach-
ment, all cultmes were plated for 24 hr under the same condi-
tions and then switched to the experimental protocol. 
Substrate Influence 
Primary keratinocytes and dermal fibroblasts were plated on 
tissue culture plastic or plastic coated with acid-extracted rat-
tail tendon cc;>llagen and their subsequent growth was measured 
by the colony assay (Fig 2). Attachment and growth of epider-
mal cells is significantly enhanced by the collagen surface (Fig 
2A). The number of fibroblast colonies is neither enhanced nor 
inhibited by this substrate (Fig 2B), but the colony size of 
fibroblasts plated on collagen was consistently smaller than 
colonies on plastic. The enhancing effect of collagen for epider-
mal cell growth has been reported previously by Karasek et al 
[ 4,16]. As a result of this improved epidermal growth, all sub-
sequent experiments were performed on collagen-coated dishes. 
Effects of pH and Temperature 
Variation in pH has a marked influence on colony number in 
primary epidermal cultures (Fig 3). Growth was optimal at pH 
7.0-7.2 while higher and lower pH levels were detrimental. 
Long-term survival in culture was similarily influenced by pH. 
Cells maintained at pH 7.0-7.2 survived 5 passages while cul-
tmes at 7.4 survived only 2. At pH 6.8, 4 passages were possible; 
at pH 7.6, cells could not be subcultured. 
Three temperatures, 36.5°, 34 ° and 31 oc, were tested for 
effects on growth of epidermal cells in the colony assay (Table). 
The number of colonies at 36.5°C was 2.4 times the number 
seen at 34 ° and 17 times that seen at 31 °C. These results were 
reinforced by long-term observations. At 36.5°C cultmes could 
be passaged 5 times, at 34 °C only one passage was possible, and 
at 31 °C primary cultures did not reach confluency. 
Effect of Serum Concentration· and Other Media 
Different lots of fetal calf serum vary in their ability to 
support the growth of human epidermal cells and must be 
screened prior to use. With acceptible sera, growth of epidermal 
cells is dependent on serum concentration. Optimal concentra-
tions were 10-20% in two separate experiments (Fig 4). With at 
least one lot, the optimum was 7.5%. 
The following commercially available media were tested for 
their ability .to enhance colony number and long term growth: 
CMRL 1066, Dulbecco's MEM with nonessential amino acids, 
Eagle's MEM with nonessential amino acids, Eagle's MEM 
with nonessential amino acids with D-valine substituted for L-
valine, and BGJb Fitton-Jackson modification. Two custom 
media were also tested: a modification of Eagle's MEM with 4-
fold higher amino acids and vitamins [17], and a modification 
ofWaymouth's MB 752/ 1 with added nonessential amino acids, 
putrescine, insulin, pyruvate, arginine, hydrocortisone and epi-
dermal growth factor [18]. In neither growth parameter were 
any of these media superior to M 199. Epidermal growth factor 
has previously been reported to enhance the long-term growth 
potential but not necessarily the growth rate of human keratin-
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FJG 1. Histological appearance of trypsin separated human foreskin 
epidermis and dermis and isolated epidermal cells. Foreskin was floated 
on trypsin as described in Methods, epidermis and dermis were sepa-
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FIG 2. Colony number resulting from keratinocyte plating on tissue 
culture plastic or collagen coated plastic. P lating density was adjusted 
for differences in plating efficiencies between epidermal cells (0.1-1.0%) 
and fibroblasts (10-20%). (A) 105 primary epidermal cells were plated 
per 35-mm plastic tissue culture dish with or without collagen in 
standard Medium 199 with 10% FBS. Plates were fixed and stained on 
day 7. Results represent the mean of 2 determinations± 1/2 the range. 
(B) 5 X 102 dermal fibroblasts were plated per 35-mm plastic tissue 
culture dish with or without collagen in standard Medium 199 with 10% 
FBS. Plates were fixed and stained on day 7. Colonies consisting of 5 or 
more cells were counted. Results represent the mean of 2 determina-
tions ± 1/2 the range. 
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FIG 3. Effect of pH on epidermal cell growth . Medium M 199 
containing 10% FBS was adjusted to val'ious hydrogen ion concentra-
tions by addition of 1.0 N HCI or 7.5% NaHC03. The pH was measw·ed 
in medium at 36.5°C after overnight equilibration with 5% C02 in air. 
6 x 104 primary epidermal cells were plated per 35 mm collagen-coated 
plate in medium at pH 7.0. One day after plating, plates were washed 
with PBS and fed media adjusted to the different hydrogen ion concen-
trations. Cultures were fixed and stained on day 7. Results represent 
the mean of 2 determinations ± 1/2 the range. 
Colony forming ability of human epidermal cells cultured at various 
temperatures" 
Experiment I 
Experiment II 
Temperature 
36.5°C 
31°C 
36.5°C 
34°C 
Colonies per plate" 
7 days 
68 ± 3 
4±1 
253 ± 11 
105 ± 11 
" 6 x 104 primary epidermal cells were plated per 35-mm collagen-
coated dish in M 199 10% FBS pH 7.2. 
6 Colonies consisting of 5 or more cells were counted. Results repre-
sent the mean of 2 determinations ± 1/2 the range. 
rated and both were stretched on Millipore filters at the site of the 
epidermal-dermal junction (A) epidermal sheet (H & E, X 250); (B) 
Dermis (H & E, X 250); (C) mechanically dispersed epidermal cells 
prior to stirring in CMFPBS, phase contrast, (X 130); (D) dispersed 
epidermal cells following CMFPBS stirring, phase contrast (X 130). 
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FIG 4. Effect of serum concentration on epidermal cell growth. In 2 
separate experiments primary epidermal cells were inoculated into 35-
mm collagen coated dishes in M 199 with 10% FBS. One day after 
plating, fresh medium M 199 with various concentrations of FBS was 
added. Cu.ltures were fixed and stained on day 7. Hesults represent the 
mean of 2 determinations ± 1/ 2 the range. (A) 6 X 10'' primary 
epidermal cells were plated per 35-mm dish. (B) 4 x 104 primary 
epidermal cells were plated per 35-mm dish. 
ocytes in vitro [19]. In our experiments moderate growth en-
hancement (<2 fold) was obtained with EGF concentrations of 
10-30 ng/ml. However EGF exposure resulted in the rapid 
appearance of a cell type which lacked the characteristic kera-
tinocyte· morphology and proliferated rapidly. Because the ori-
gin of this cell has not yet been determined, EGF was not used 
further. A number of other additions to standru·d medium were 
also tested for their ability to enhance colony formation and 
long-term culture growth. Insulin, hydrocortisone, L-cysteine, 
cis-L-hydroxyproline, L-ascorbic acid, L-arginine, gentrunycin, 
and putrescine were tested at various concentrations. All failed 
to consistently enhance either parameter of epidermal cell 
growth. 
Effect of Ionic Calcium Concentration on Growth 
Hennings et al [11] have shown that medium ionic calcium is 
a critical regulator of growth and differentiation of mouse 
keratinocytes in culture. In a similar manner, alterations in 
extracellular calcium concentration affect human keratinocyte 
colonial growth and long term maintenance. Calcium levels 
were modified in culture medium by omitting CaCb from M199 
and treating FBS with Chelex 100 (CFBS) [20]. This results in 
a standard medium preparation (M 199 + 10% CFBS) of 0.07 
roM Ca++ as determined by flame atomic emission spectrometry 
[11]. Levels of ca++ were then adjusted by addition of sterile 
CaC}z. Because low calcium concentrations decreased cell at-
tachment at primary plating, all calcium experiments were 
performed on cells which had attached to the substrate for 24 
hr in 0.4 mM ca++. Figure 5 shows the results of 2 separate 
colonial growth assays with different concentrations of calcium. 
Survival was low below 0.2 mM ca++ but colony number was 
optimal with calcium levels near 0.4 mM. This was well below 
the calcium concentration in standard medium with 10% FBS 
(1.4-1.6 mM). Surprisingly the average number of cells per 
colony was not significantly increased after 1 week at optimal 
calcium concentrations when compared to less permissive levels 
of calcium. Thus Ca++ seemed to be most important in deter-
mining whether a colony would form rather than in how rapidly 
a colony would expand. 
Keratinocyte morphology was significantly affected by cal-
cium concentration (Fig 6). Low concentrations (0.07 mM) dic;l 
not support continued cell attachment with single attached 
cells eventually disappearing. At slightly higher levels (0.10 
roM) characteristic epithelial cells were apparent but cell bor-
ders did not touch. At higher levels (0.17 mM) cells grew as a 
monolayer without stratification, and individual cells were 
small with prominent nuclei and few granules. At levels around 
0.34-0.40 mM cells grew rapidly but stratified and formed an 
upper layer of squrunes as they reached confluency. Both prior 
to and at confluency, cells grown in 0.4 mM Ca++ were smaller 
and more densely packed than at higher concentrations (Fig 
6D). As calcium was further increased, the differentiating cells 
accounted for a lru·ger portion of the population. At the highest 
levels tested (2.76 roM) many cells contained granules and were 
flat or multinucleate. 
Cultures were studied for up to 3 mo at various calcium 
concentrations and subcultured at confluency. Cultures grown 
in ionic calcium levels below 0.1 mM did not reach confluency. 
Below 0.2 mM Ca++, cultures did not survive passaging. At 
medium calcium levels of approximately 0.4 mM cells were 
subcultured 6 to 9 times, an improvement beyond any other 
medium variable tested. Cultures in calcium concentrations 
higher than 0.4 roM could be passaged 4 times or less. 
DNA Synthesis Kinetics at Optimum Calcium 
Concentrations 
DNA synthesis was measured autoradiographically at various 
times after plating primary cultures at 105 cells/ cm2 using 
medium adjusted to the optimal calcium concentration of 0.4 
roM (Fig 7). At this plating density and Ca++ concentration the 
cells remain subconfluent for at least 4 days. Therefore, super-
ficial cell interference with 3H penetration into the autora-
diographic emulsion is not a problem because cultures are 
predominantly monolayer. Unlike mouse keratinocytes [14], 
human keratinocyte cultures showed no reproducible synchro-
nous peaks of labeling index. A 2 day lag period was followed 
by a rapid increase to a relatively stable labeling index of 30-
40% at 3-4 days. The 3H-thymidine labeling index after a 1 hr 
pulse was compared at 5 and 9 days in cultures maintained in 
0.1 mM, 0.4 mM, 1.0 mM and 1.44 mM ca++. While total cell 
number in each culture varied according to the description 
above, all cultures had a labeling index of approximately 30-
50% except for the 1.44 mM group at 9 days which was 20%. 
Effect of Calcium Concentration on Cornified Envelopes 
Cultures were assayed for the production of cornified en-
velopes (insoluble in 1% SDS-1% 2-mercaptoethanol) as a func-
tion of Ca ++ concentration. Figure 8 demonstrates that the total 
number of cornified cells, both attached and sloughed into the 
300 120 
A B 
100 -o 
A ji\ (I) 0 (I) ~ 200 80 () 0 .. !J ~H ~ ;;; c a: I ·~ 60 (I) Iii ::J 0 a.. (I) "' .. 100 J 40 ·c: 0 0 u 20 / ·-· 0 0 
O.Q7 0.1 0.2 0.4 0.6 1.01.44 0.07 0.1 0.2 0.4 0.6 1.01 .44 
(Ca++ l mM 
FIG 5. Effect of calcium concentration on epidermal cell growth. In 
2 separate experiments, primary epidermal cells were plated on 35-mm 
collagen coated dishes in M 199 (- Ca++) with 10% FBS ([Ca++] = 0.4 
mM). One day after plating, plates were washed with CMFPBS and fed 
medium M 199 without Ca++ + 10% Chelex-treated FBS and CaCb to 
give final [Ca++] as shown on the abcissa. (A) 4 X 104 cells were plated 
per 35-mm dish. After 7 days plates were fixed and stained. Hesults 
represent thP. mean of 3 determinations ± SD (B) 8 X 104 cells were 
plated per 35-mm dish. After 21 days, plates were fixed and stained. 
Percent confluence was estimated "blind." Hesults represent the mean 
of 3 determinations ± 1/2 the range. 
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FIG 6. Effect of calcium concentration on epiderma l cell morphol-
ogy. Primary human epidermal cells were grown to confluence in 
standard medium (1.4 mM ca++), trypsinized and replated at 106 cells 
per 35-mm collagen coated dish in M 199 - Ca++ + 10% FBS (0.4 mM 
ca++). After 1 day plates were washed with PBS and refed with medium 
M 199-Ca++ + Chelex treated 10% FBS with CaCb added to various 
final levels. Cultures were photographed on day 4 after plating (phase 
contrast, reduced from X 150). (A) 0.07 mM Ca++; (B) , 0.10 mM Ca++; 
(C), 0.17 mM Ca++; (D) , 0.40 mM Ca++; (E) , 1.44 mM Ca++; (F), 2.76 
mM Ca++. 
medium, increased between 1 and 5 days after plating at all 
calcium levels. The number of attached cornified cells increased 
most in the cultures in · the highest calcium concentration. 
However, there were many cornified cells present in the me-
di um at all calcium levels, and the sum of attached and unat-
tached cornified cells did not vary greatly among the groups. 
T hus cultures grown in low concentrations of Ca++ produced 
cornified cells but these detached and were released into the 
medium. 
DISCUSSION 
This study was designed to optimize culture conditions for 
growth, subculture and long-term maintenance of isolated hu-
man epidermal cells. Optimal colony number and passage num-
ber were obtained in Medium 199 supplemented to 7-10% with 
selected Jots of fetal calf serum, with a calcium concentration of 
0.4 mM, a pH of 7.0, and a temperature of 36.5°C. A collagen-
coated substrate was beneficial for both attachment and growth 
of epidermal cells and discouraged the growth of dermal fibro-
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blasts. Under optimal conditions cultures could be subcultured 
at confluency with a 1:3 spli t ratio after release from the plate 
and dissociation into a single cell suspension using trypsin and 
EDT A. Cells could be maintained in vitro 2 to 3 mo with 
continued evidence of epidermal functions [21 ]. Six to 9 pas-
sages were possible during this period, resulting in a minimum 
population expansion of 730-fold (6 passages at a split of 1: 
3=36=729) which represents a minimum of 9 population dou-
blings (29=512). Since some of the cells resulting from division 
terminally differentiate, many more cell divisions are likely to 
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FIG 7. "H -Thymidine incorporation in primary culture at 0.4 mM 
Ca++ . Primary epidermal cells were pulsed for 1 hr with "H-TdR and 
prepared for autoradiography as detailed in Materials and Methods. 
The cells were grown in medium M 199-Ca++ + 10% FBS (0.4 mM 
Ca++). Results are the mean of 2 determinations± 1/ 2 the range. 
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FIG 8. Corni fied envelope formation by human epidermal cells at 
different concentrations of calcium. 10" Primary human epidermal cells 
were plated per 35-mm collagen-coated dish. One day after plating, 
cultures were washed with PBS and fed medium containing calcium 
concentrations shown on the abcissct. Cultures were harvested at stated 
times by trypsinization (or collection of medium and CMFPBS washes 
in the case of "detached cells"). Attached cell results represent the 
mean of 4 determinations ± SD. Detached cell results represent the 
mean of 2 determinations ± 1/2 the range. Attached cells, Kllll ; detached 
cells, D. 
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be involved. This total increase compares favorably with the 
600-fold expansion reported by Rheinwald and Green [5] using 
cells grown in the presence of feeder layers and exceeds the 
expansion reported by Liu and Karasek [4] of three passages at 
a ratio of 1:2 (an 8-fold expansion, 3 doublings). It should be 
noted that the latter study used adult material whereas cells 
derived fTom neonatal foreskins may have a greater capacity 
for cell division in vitro [5]. The isolation procedme reported 
h ere yields 2-4 X 106 single epidermal cells per foreskin with a 
viability of 80 to 90%. There were no cells of dermal origin 
apparent in the initial preparation. 
While plating efficiency was lower at low cell inputs in 
primary culture, a significant number of colonies formed with 
an inoculum of 2 X 103 cells/cm2. The colony assay used in this 
study was a reliable method to measure the effects of variations 
in culture conditions. In all cases conditions which yielded an 
optimum colony count also resulted in the greatest population 
expansion measured by the number of subcultmes. Some col-
onies in the colony assay may no t have arisen from single cells. 
Small cell clusters were present in the initial cell preparation 
and some "migration undoubtedly took place after plating. Un-
der all conditions studied, many cells which had attached but 
were incapable of fwther growth were noted as single cells in 
the plates. These were not included in the colony count. Under 
optimal conditions, colonies formed from low inocula ultimately 
became confluent. The colony formation observed under om 
culture conditions is an improvement over that reported by Liu 
and Karasek [4] with adult keratinocytes. Such cells could not 
grow at inputs of less than 14 X 10·• cells/ cm2 . Results reported 
by Rheinwald and Green [5] have indicated that as few as 102 
cells/cm2 could form colonies in the presence of feeder 3T 3 
cells. 
With higher plating inputs (105 /cm2 ) , primary epidermal 
cells g1·ew to confluency within 2 weeks. This occurred with a 
lag in growth as measured by total cell number per plate for 
t he first 2-5 days in vitro (data not shown) . This ag1·ees with 
the results reported by Liu and Karasek [4] for growth of 
human keratinocytes. The correlation of the initial g1·owth lag 
with low labeling index and later rapid growth with sustained 
high labeling index suggests that the use of 3H-thymidine for 
autoradiographic studies in human cells (Fig 7) is valid. Previ-
ously, difficulties had been reported for the use of'lH-thymidine 
in assays of DNA specific activity in cul tw-es of human and 
rabbit epidermal cells [22]. Differences in methodology, partic-
ularly between autoradiographic and specific activity measme-
ments, may explain this disparity. 
At higher plating input, cell doubling time dming the rapid 
growth phase was 2.5 days which compares favorably with the 
doubling time previously reported for growth on a collagen 
substrate [ 4] but is longer than that seen for growth on a 3T3 
feeder layer [5]. Ultimately under any cul ture condi tion the 
growth of passaged cells declined so that subcultures would no 
longer reach confluency. At this t ime a large fl at atypical 
epithelial cell composed of ftlamentous cytoplasm became ob-
vious. Similar cells had been observed previously in aged mouse 
keratinocyte cultw·es [6]. A second cell type also commonly 
evolved in older cultm es. These cells tended to be more bipolar 
than keratinocytes and were capable of continued proliferation. 
T he nature of these cells is currently under study. 
The mechanisms by which each condition studied provides 
a beneficial environment a1·e not known. Medium 199 is a 
n u trient-rich formulation containing substantial amo un ts of L-
serine previously reported to enhance keratinocyte growth [ 4]. 
Serum contains a number of growth factors, lipids and trace 
e lements but may also contain toxic or inhibitory factors and 
hence must be screened. The optimal serum concentration of 
7-10% and pH of 7.0-7.2 determined in ow· studies were very 
similar to those reported by Karasek for explant cultures [1]. 
In vivo the pH of the epidermal basal cell layer and dermis has 
been measured at 7.2 for human tissue while the more differ-
entiated layers have pH values of 4-6.4 [23]. Thus the inhibitory 
effect of low medium pH on growth may be related to influences 
which favor differentiation. 
The enhanced attachment and growth of keratinocytes on a 
collagen substrate confirms earlier reports [ 4,16]. Collagen was 
not a requirement for epidermal growth and maintenance but 
may select for attachment of basal cells and discomage attach-
ment of cells committed to differentiate [ 4,24,25]. This may 
provide a proliferative stimulus since differentiated cells inhibit 
proliferation of basal cells in vitro [ 4] and removal of differen-
tiated cells prior to organ cultme stimulates basal cell prolifer-
ation [26]. Collagen does not appear to replace all of the colony-
enhancing properties provided by the 3T3 feeder layer. The 
latter may provide nutrients or growth factors as well as a 
smface conducive to attachment and growth. Alternatively, t he 
feeder layer may remove or reduce a growth inhibitory influ-
ence. Flame atomic emission spectrometry studies have indi-
cated that a 3T3 feeder layer does not significantly alter the 
medium ionic calcium concentration during a 3 day incubation. 
Hennings et al [11] have shown that lowered medium calcium 
concentration can significantly prolong the culture lifespan of 
mouse epidermal cells by shifting the pattern of growth and 
differentiation in favor of continued proliferation. Reese and 
Friedman [27] have shown that lower calcium concentration 
induces epithelial cell proliferation in rat bladder epithelium. 
Om experiments have extended those observations to human 
epidermal cells. Om data from colony assays suggest that 
optimal Ca++ concentrations (and perhaps other optimizing 
conditions) allow cells to enter the proliferative pool which 
might not otherwise divide. Labeling index studies indicate that 
Ca++ concentration does not significantly alter the proportion 
of cells synthesizing DNA dming a 1 hr pulse. Thus the calcium 
effect appears to be predominantly cell recruitment. This con-
clusion is identical to that reached for the effect of calcium on 
mouse keratinocytes [ll]. Recruitment may be most easily 
observed when keratinocytes are plated at low density. Thus 
the colony assay may be a sensitive method for studying this 
phenomenon. 
The specific mechanism by which lowered calcium concen-
tration favors the growing state of epidermal cells remains to 
be elucidated. Calcium, in combination with calcium dependent 
regulator protein (CDR, calmodulin), is known to activate 
several enzymes associated with cell growth and the expression 
of differentiated functions, among them adenylate cyclase and 
cyclic nucleotide phosphodiesterase [28]. Cholera toxin and 
other agents which increase the intracellular concentration of 
cyclic AMP have been shown to stimulate cell division in 
human epidermal cell cul tures [29]. Epidermal transglutami-
nase, the enzyme responsible for the formation of the E (y-
glutamyl) lysine cross-link in the cornified envelope in differ-
entiating keratinocytes [30] is also Ca++ dependent. However, 
we have shown that cornified cells were produced in normal 
quantities in 0.1 mM calcium medium but were not retained on 
the growing epidermal cell monolayer. This implies that epi-
dermal transglutaminase remains active at the reduced ca++ 
concentration. Interruption of the contact between differentiat-
ing cells and proliferating cells which appears to occm under 
reduced calcium conditions may release the proliferative cells 
from the growth inhibitory influences of the differentiating 
population. ·A similar mechanism might explain the growth 
stimulation of quiescent keratinocytes induced by trypsin-
EDTA treatment [4]. 
The human epidermal cell culture model reported here is 
cmrently being used to extend to human systems many obser-
vations on the events involved in carcinogenesis and differen-
tiation in rodent models [7], and to further verify results ob-
tained with human skin transplanted to nude mice [31]. The 
relative ease of isolation, growth and maintenance of human 
keratinocytes by these techniques provide a reasonable oppor-
tunity to compare in human cell cultme results of pharmaco-
logic studies performed on rodent cells. These studies will 
require the maintenance of relatively normal epidermal func-
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tion of these human cells in vitro. Evidence in support of the 
functional integrity of these cultures is presently being reported 
[21]. 
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